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ABSTRACT: A material model is developed that predicts the plastic behavior of fully hardened 22MnB5 
base material and the heat-affected zone (HAZ) material found around its corresponding resistance spot 
welds (RSWs). Main focus will be on an accurate representation of strain fields up to high strains, which is 
required for subsequent calibration of the fracture behavior of both base material and HAZ. The plastic be-
havior of the base material is calibrated using standard tensile tests and notched tensile tests and an inverse 
FEM optimization algorithm. The plastic behavior of the HAZ material is characterized using a specially 
designed tensile specimen with a HAZ in the gage section. The exact location of the HAZ relative to the 
center of the RSW is determined using microhardness measurements, which are also used for mapping of the 
material properties into an FE-model of the specimen. With the parameters of the base material known, and 
by assuming a linear relation between the hardness and the plasticity model parameters of base material and 
HAZ, the unknown HAZ parameters are determined using inverse FEM optimization. A coupon specimen 
with HAZ is used to validate the model at hand. 
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1 INTRODUCTION 
In the last years, the hot stamping process has 
gained popularity as a manufacturing method for 
crash-relevant structural components in vehicles. 
Whereas these hot stamped components benefit 
from their exceptionally high strength, allowing 
weight reductions while maintaining, or even im-
proving crashworthiness properties, the reduction 
in ductility and the accompanying likelihood of 
fracture is a major issue in modern car design. In 
particular the so-called heat-affected zones that are 
found around resistance spot welds in fully hard-
ened boron steels are potential areas for fracture 
initiation, which have to be considered in the simu-
lation of the crashworthiness of a vehicle. 
The martensitic microstructure of hot stamped 
components, that is obtained when cooling rates 
exceed the critical threshold of 27 °C/s, is metasta-
ble and tends to decompose into softer microstruc-
tures when it is reheated to temperatures just below 
Ac1 (approximately 720 °C for the 22MnB5 used 
in this work [1, 2]). This softened zone is generally 
known as the sub-critical HAZ, in which marten-
site tempering is the controlling mechanism [3]. 
Unfortunately, this tempering of martensite cannot 
be prevented during the resistance spot welding 
process, because of the continuously decreasing 
temperature distribution between weld pool and 
unaffected base material. The main decomposition 
products of martensite found in the sub-critical 
HAZ are cementite and ferrite, which cause the 
typical decrease in material hardness [4, 5]. The 
severeness of HAZ softening is known to be main-
ly dependent on welding parameters and martensite 
content: an increase in heat input during welding 
(e.g. by increasing welding times and currents) 
leads to increased softening in the HAZ [6]; the 
total extent of softening is proportional to the mar-
tensite content of the material [7].  
In literature, several different approaches for the 
identification of HAZ material parameters can be 
found. Some authors have used an instrumented 
indentation test [8, 9], converting measured force-
indentation depth curves to local stress-strain 
curves. Another direct method for nugget and HAZ 
parameter identification is to use miniature speci-
mens taken from actual RSWs [10, 11], which then 
requires specialized testing equipment. A popular 
indirect characterization method is to use a Gleeble 
thermomechanical simulator, which is able to 
simulate the HAZ temperature history on larger 
specimens [12]. 
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In this work, a new approach is proposed that uses 
a larger tensile specimen with an actual RSW in the 
gage section. High resolution strain field measure-
ments combined with force-displacement data are 
used as input for an inverse FEM optimization 
algorithm, which is able to determine the strain 
hardening behavior of the HAZ material up to large 
plastic strains. A coupon test with HAZ is used to 
validate the calibrated model at hand. 
 
2 MATERIAL PREPARATION 
The material used for this study is 22MnB5. 
Known by the commercial name Usibor® 1500 P, 
ArcelorMittal has provided the 22MnB5 steel 
grade with an aluminum-silicon coating that pro-
tects the metal against oxidation and decarburiza-
tion during the press hardening process [13]. In the 
as-delivered state 22MnB5 has a ferritic/pearlitic 
microstructure, an ultimate tensile strength of 600 
MPa, and a uniform elongation of 0.22. After 
quenching in cooled stamping tools, a fully mar-
tensitic microstructure can be obtained resulting in 
an ultimate tensile strength and uniform elongation 
of 1500 MPa and 0.06 respectively. The chemical 
composition of this material is given in Table 1.  
Table 1: Chemical composition of the 22MnB5 
used in this work (wt. %) [14]. 
C 0.2 – 0.25 Si 0.15 – 0.35 
Mn 1.1 – 1.4 Al ≥ 0.015 
P ≤ 0.025 Ti 0.02 – 0.05 
S ≤ 0.008 B 0.002 – 0.005 
2.1 BASE MATERIAL 
The as-delivered sheets have a thickness of 1.5 mm 
and are first fully austenitized in a furnace at 
950°C for approximately 6 minutes, after which 
they are transferred to a water-cooled stamping 
tool. After opening the furnace and taking the 
sheets out, transfer from furnace to tool takes on 
average 3.8 seconds, after which another 5.8 sec-
onds pass until full closure of the tool. During the 
total transfer time of 9.6 seconds, the sheets cool 
down to approximately 700°C. The press, which is 
cooled to a constant temperature of 25°C, is solely 
used to ensure good contact between tool surface 
and sheet, no plastic deformations are applied. 
After a holding time of 15 seconds, the sheets are 
removed and left to cool down to room temperature 
in air. A measured cooling curve is superimposed 
on the CCT diagram of 22MnB5 in Figure 1, from 
which can be seen that the achieved cooling rates 
clearly exceed the critical cooling rate for marten-
site formation. Hardness measurements taken on 
polished cross sections of the as-treated base mate-
rial showed an average hardness of 497 HV10. 
 
 
Fig. 1 Measured cooling curve superimposed on 
the CCT diagram of 22MnB5 
2.2 RESISTANCE SPOT WELDING 
The resistance spot welds are made on the marten-
sitic base material using a NIMAK C-type servo 
spot weld gun combined with a HWH control sys-
tem. A constant electrode force of 3 kN is applied 
with squeeze and hold times of 2000 ms and 200 
ms respectively. The squeeze time is used to ensure 
that the required electrode force has been reached 
at the start of the heat cycle. When the contact 
force between electrode face and outer surface of 
the sheet is too low, the electrical resistance and 
thus the heat generation will be excessively high 
leading to material expulsion, voids in the weld and 
electrode damage. The hold time is the time that 
pressure is maintained after the heat cycle and it 
allows the molten material to solidify before releas-
ing the welded sheets. Two weld pulses with weld-
ing currents of 3.0 kA and 5.7 kA are applied with 
a 20 ms delay in between. An overview of the 
welding cycle is shown in Figure 2. 
 
 
Fig. 2 Overview of welding cycle 
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3 EXPERIMENTAL WORK 
3.1 HARDNESS MEASUREMENTS 
In order to determine the location and geometry of 
the HAZ corresponding to a RSW made with the 
welding parameters and sheet thicknesses de-
scribed in Section 2, both in-plane and cross-
sectional surface hardness measurements are made. 
For this purpose, small samples are cut from the 
welded sheets and mounted in epoxy resin. For the 
cross-sectional measurement, the RSW is carefully 
cut along a symmetry plane. For the in-plane 
measurement, a 15 x 15 mm sample with the entire 
RSW is mounted and grinded until full removal of 
the electrode print. After several grinding steps up 
to 4000 grid SiC paper, Vickers hardness meas-
urements are taken with a 0.5 kg load. For the 
cross-sectional measurement a grid spacing of 0.15 
mm is used, resulting in a total of 1800 HV0.5 
measuring points. For the in-plane measurement 
the grid spacing is 0.3 mm, resulting in 2500 
measuring points. The resulting hardness maps are 
shown in Figure 3. 
 
 
 
Fig. 3 Hardness maps of a RSW in 22MnB5 
Both the in-plane and the cross-sectional measure-
ment confirm the base material hardness of 490 – 
500 HV found in Subsection 2.1. The material of 
the weld nugget, which was heated above the melt-
ing point and rapidly cooled, shows the same mate-
rial hardness, corresponding to a martensitic micro-
structure. At 3.6 mm from the spot weld center, the 
lowest hardness value of the HAZ, approximately 
275 HV0.5, is found. The in-plane measurement 
shows that the HAZ has a perfectly circular geome-
try in the x-y plane; the cross-sectional measure-
ment in the x-z plane reveals an elliptic shape of 
the hardness distribution. 
3.2 EXPERIMENTS FOR BASE MATERIAL 
CALIBRATION 
For calibration of the plasticity model parameters 
of the martensitic base material, standard uni-axial 
tensile tests and notched tensile tests with a 5 mm 
notch radius are performed. For both tests, quasi-
static strain rates of 0.002 s
-1
 are applied, dis-
placements are measured using a contact-type 
extensometer with sensor arms and a measuring 
accuracy of ± 1 m. A small preforce of 60 N is 
applied to minimize the effects of specimen curva-
ture and initial grip misalignments on the exten-
someter output. Force measurement inaccuracy is 
0.5% starting from 0.5 kN. The resulting force-
displacement curves are shown in Figure 4. 
Full field strain measurements are performed for 
the notched tensile tests using a 3D digital image 
correlation (DIC) system. The DIC system, 
equipped with two cameras with each a resolution 
of 2448 x 2050 pixels, is connected to the material 
testing machine and able to receive both force and 
displacement signals, such that every measured 
strain field can be linked to a point on the corre-
sponding force-displacement curve in Figure 4. 
Figure 5 shows the measured surface strains in x-
direction (   ) along the longitudinal axis of sym-
metry of the specimens at displacements of 0.5 mm 
and 0.7 mm. At a displacement of 0.5 mm, which 
is approximately at the force maximum, a bell-
shaped strain distribution is found with maximum 
strains of 0.05. At 0.7 mm displacement, two strain 
peaks are found on the specimen surface, corre-
sponding to the two tips of an X-shaped through-
thickness necking zone, see the illustration in Fig-
ure 5. The excellent repeatability of both the force-
displacement curves and the strain field measure-
ments is a beneficial result, because this will be the 
input for the optimization algorithm that deter-
mines the base material strain hardening parame-
ters. 
 
 
Fig. 4 Force-displacement curves of the uni-axial 
and notched tensile tests 
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Fig. 5 Total strains     of the notched tensile 
tests measured along the longitudinal axis 
of symmetry at displacements of 0.5 and 
0.7 mm  
3.3 EXPERIMENTS FOR HAZ 
CALIBRATION 
For calibration of the HAZ plasticity model, a 
specially designed tensile specimen is used with 
the HAZ of an actual RSW in the gage section. For 
this purpose, 1.5 mm thick sacrificial plates are 
spot welded onto 220 x 30 x 1.5 mm coupons using 
the welding parameters described in Subsection 
2.2. The two welded sheets are then carefully sepa-
rated by wire EDM, which was found to be a very 
suitable method for this application, because the 
thin wire can get in-between the two welded sheets 
and cut through the hard nugget without damaging 
the surrounding HAZ. The specimen contour is 
also cut using wire EDM to ensure a high surface 
quality and to avoid heat from affecting the materi-
al. An overview of the final specimen geometry is 
shown in Figure 6. In order to avoid scatter in the 
strain field measurements, the specimen is de-
signed such that only one half of the HAZ is locat-
ed in the narrow gage section, the other half lies in 
the specimen-shoulder, which has an increased 
cross-section. With this specimen geometry, neck-
ing and fracture always occur at the same location.  
 
 
Fig. 6 Geometry of the tensile specimen with 
HAZ 
Experimental setup and test settings are the same 
as for the base material samples described in the 
previous subsection. Both the resulting force-
displacement curves and the measured strain fields, 
see Figures 7 and 8, show very little scatter. Note 
that the x-coordinate in Figure 8 corresponds to the 
x-coordinate of the hardness map in Figure 3. Two 
strain peaks are found on the specimen surface in 
the area of the HAZ, again caused by through-
thickness necking (see also Figure 5). 
 
 
Fig. 7 Force-displacement curves of the tensile 
tests with HAZ 
 
Fig. 8 Total strains     of the tensile tests with 
HAZ measured along the longitudinal axis 
of symmetry at a displacement of 0.4 mm 
4 MATERIAL MODEL 
CALIBRATION 
4.1 BASE MATERIAL PLASTICITY 
MODEL 
In order to determine the strain hardening behavior 
of the martensitic base material, the force-
displacement curves of the uni-axial tensile tests in 
Figure 4 are converted to true stresses ( ) and true 
plastic strains (  ). An average ( -  )-curve is 
extracted from the data and plotted in Figure 9. 
Because the conversion from forces and displace-
ments to true stresses and true plastic strains is 
only valid up to the strain at which necking begins, 
experimental data only reaches up to a strain of 
approximately 0.035. The strain field measure-
ments of the notched tensile tests in Figure 5, how-
ever, show local strains of almost 0.15, which 
means that extrapolation of the ( -  )-curve is 
required. For this purpose, both the classical Swift 
power law and a Voce type saturation law (Equa-
200
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tions 1 and 2, respectively) are fitted to the experi-
mental data, see Figure 9. 
 
      (  ̅)   (  ̅    )
 
 (1) 
 
     (  ̅)         (   
    ̅ ) (2) 
 
From Figure 9 it can be seen that both laws provide 
acceptable fits for small strains, but behave very 
differently in the extrapolated area. Assuming that 
the true strain hardening curve lies somewhere in 
between these lower (Voce) and upper (Swift) 
bounds, both laws are combined using a strain-
dependent exponential mixing law: 
 
  (  ̅)  (   )              (3) 
 
in which mixing parameter   is a function of   ̅: 
 
 (  ̅)         (               ) 
   ̅  (4) 
 
where          is the starting value of  , represent-
ing the Voce-influence for small strains,        is 
the final value of  , representing the Voce-
influence for large strains, and   is a shape pa-
rameter.  
To identify the parameters of the exponential mix-
ing law in the frame of large plastic deformations, 
an inverse FEM optimization scheme is used that 
takes into account both the measured force-
displacement curves and strain fields of the 
notched tensile tests and the force-displacement 
curves of the uni-axial tensile tests (Figures 4 and 
5). For this purpose, Equations 1-4 are implement-
ed in the modular material model (MMM) frame-
work [15] for the explicit FEM code VPS (Virtual 
Performance Solution) and used in combination 
with an isotropic Yld2000-2D yield function [16]. 
To ensure an accurate representation of the strain 
field, 0.1 mm underintegrated 8-node solid ele-
ments with one integration point are used. 
Similar to the approach used in [17], the overall 
cost function   to be minimized is defined by a 
weighted least-squares deviation between simulat-
ed and measured forces and strains: 
 
 ( )     ( )  (   )  ( ) (5) 
 
in which  ( ),   ( ) and   ( ) are the overall, the 
force and the strain field cost functions, respective-
ly.    contains the force-displacement curves of 
both the uni-axial and notched tensile tests: 
 
  ( )       ( )           ( ) (6) 
 
in which, e.g.,       is defined as: 
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)
 
 
   
 (7) 
where   is the number of sample points on the 
force-displacement curve and  (  ) is the force at 
sample point  . The strain field cost function    
consists of the strain fields at displacements of 0.5 
and 0.7 mm (see Figure 5) and has a similar defini-
tion as the one for the forces in Equations 6 and 7. 
 
 
Fig. 9 Swift and Voce hardening laws fitted to 
experimental ( -  )-curve and optimized fit 
with exponential mixing law 
Figures 10 and 11 show average curves of the 
experimental force-displacement results and the 
measured strain fields of the notched tensile tests. 
On both curves, 40 sample points ( ) are defined at 
which the deviation between experimental and 
simulated value is calculated. A trust-region-
reflective algorithm is used to minimize the cost 
function with [                 ]  [         ] 
as initial values. After a total of 10 iterations the 
algorithm stops because the step size is smaller 
than a predefined threshold. 
Looking at Figure 10, it can be seen that up to the 
force-maximum the exponential mixing law does 
not have much influence on the simulated force-
displacement curve, which is confirmed when 
looking at the simulated strain field at d = 0.5 mm, 
see Figure 11. This can be explained when looking 
at Figure 9: up to a strain of 0.04, the Swift and 
Voce laws are very similar, meaning that mixing 
them will not change much in the final result. At 
higher strains, e.g. after initiation of through-
thickness necking (d = 0.7 mm in Figure 11), the 
lower and upper bounds diverge, leading to an 
increasing influence of the mixing law. 
When comparing the simulation results with initial 
parameters to the simulation results with optimized 
parameters (‘Step 10’), it is seen that both the pre-
diction of force-displacement curves and strain 
fields is greatly improved. The final strain harden-
ing curve, which is plotted as dashed line in Figure 
9, seems to provide a better fit to the experimental 
data as well. 
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Fig. 10 Average experimental force-displacement 
curve of the notched tensile test with sev-
eral simulated optimization steps 
 
Fig. 11 Average curves of the measured total 
strains     along the longitudinal axis of 
symmetry of the notched tensile tests with 
several simulated optimization steps 
4.2 HARDNESS BASED INTERPOLATION 
APPROACH 
The specimen that will be used for calibration of 
the HAZ strain hardening parameters, see Figure 6, 
features a narrow transition zone from martensitic 
base material to the softer, tempered martensite of 
the HAZ. In the hardness maps of Figure 3, the 
lowest hardness value found in the HAZ is 275 
HV, which is a reduction of 222 HV compared to 
the 497 HV base material. In the transition zone, 
the martensitic base material is tempered to a lesser 
extent, resulting in intermediate hardness values 
between 275 and 497 HV. Similar to the approach 
used in [18], the strain hardening behavior in the 
transition zone is assumed to be linearly related to 
the material hardness: 
 
  (  ̅)   (      )               (8) 
 
in which      and       are the strain hardening 
equations for the base material and the softest part 
of the HAZ, respectively, and      is the coeffi-
cient of the HAZ material within the convex com-
bination of the two hardening models.      is 
linearly related to the material hardness through: 
 
    (  )  
       
          
 (9) 
 
where    is the input hardness,      is the base 
material hardness and       is the lowest hard-
ness value of the HAZ. 
The hardness scans shown in Figure 3 are used for 
rotational symmetric mapping of the hardness 
distribution into an FE-model of the specimen, see 
Figure 12. At the start of the simulation, the mate-
rial properties of the individual elements are initial-
ized from the corresponding hardness values. To 
ensure an accurate representation of both the hard-
ness distribution and the resulting strain field, the 
element size is reduced to 0.1 mm in the range of 
the HAZ. 
 
 
Fig. 12 FE-model of the tensile specimen with HAZ 
with mapped hardness distribution 
4.3 HAZ PLASTICITY MODEL 
With the strain hardening parameters of the base 
material known and by assuming a linear relation 
between hardness and strain hardening behavior, 
the same inverse FEM optimization scheme as for 
the base material is now used for the HAZ. In this 
case, it is not possible to determine initial Swift 
and Voce fits for the exponential mixing law 
(Equation 3) as it was done in Subsection 4.1. For 
that reason, and in order to keep the number of free 
model parameters within bounds, the 3-parameter 
Swift law will be used, which is known to provide 
good results for softer material grades [18]: 
 
          (  ̅       )
    
 (10) 
 
in which     ,       and      are to be deter-
mined. Considering the HAZ hardness of 275 HV, 
an educated guess for the initial parameters of 
[               ]  [            ] is used. 
Equation 10 is substituted into Equation 8 and used 
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in combination with the same isotropic yield func-
tion as for the base material to simulate the tensile 
test with HAZ. 
Figure 13 shows an average curve of the experi-
mental force-displacement results together with the 
sample points used for the optimization and two 
simulation results: with initial and final (optimized) 
parameters. When comparing the two simulated 
curves, it can be seen that the strain hardening 
parameters of the HAZ have a significant influence 
on the global force-displacement behavior, which 
is a good result as this increases the accuracy of the 
optimization routine. The simulation with opti-
mized parameters provides a good approximation 
of the experimental results. 
The corresponding strain plots are shown in Figure 
14. Again, the results with initial and final parame-
ters are shown, confirming the significant influence 
of the HAZ parameters on the simulated behavior. 
Whereas the simulation with initial parameters 
overestimates the strains, the optimized material 
model provides a good fit to the experimental re-
sults.   
 
 
Fig. 13 Average experimental force-displacement 
curve of the tensile test with HAZ with two 
simulated optimization steps 
 
Fig. 14 Measured total strains     along the longi-
tudinal axis of symmetry of the tensile tests 
with HAZ with two simulated optimization 
steps 
5 VALIDATION 
In order to validate the model at hand, coupon 
specimens with HAZ are tested and compared to 
simulations. For the specimen preparation, the 
same approach is used as for the tensile specimens 
with HAZ: 1.5 mm thick sacrificial plates are spot 
welded onto larger 220 x 30 x 1.5 mm coupons and 
then carefully separated by wire EDM. The 200 x 
20 mm specimen contour is then also cut using 
wire EDM; an overview of the final specimen 
geometry is shown in Figure 15. 
 
 
Fig. 15 Geometry of the coupon specimen with 
HAZ 
In Figure 16, the measured and simulated strain 
fields just before fracture initiation are compared. 
In the area of the HAZ a mesh size of 0.1 mm is 
used, resulting in a very detailed representation of 
the hardness distribution and the resulting strain 
field. It can be seen that the model is able to predict 
the experimental strain field with good accuracy, 
both considering the magnitude of the strains and 
the shape of the strain field. 
 
 
Fig. 16 Measured (right) and simulated (left) strain 
field of the coupon test with HAZ 
6 CONCLUSIONS 
An inverse FEM optimization routine has been 
used to determine the plasticity model parameters 
of fully hardened 22MnB5 base material and its 
corresponding HAZ. Main focus has been on an 
accurate representation of strain fields up to high 
plastic strains, which is required for subsequent 
200
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calibration of the fracture behavior of both base 
material and HAZ. 
For calibration of the base material model, experi-
mental results of notched and uni-axial tensile tests 
have been used; for the HAZ material model a 
specially designed tensile specimen with HAZ in 
the gage section was tested. By assuming a linear 
relation between measured hardness and strain 
hardening behavior, the same optimization routine 
could be used for both base material and HAZ. The 
calibrated, hardness dependent material model was 
validated using a coupon specimen with HAZ, 
resulting in excellent agreement of simulated and 
experimental data. 
 
REFERENCES 
[1] Naderi M.: Hot stamping of ultra high 
strength steels. Ph.D. thesis, RWTH Aachen, 
Germany, 2007. 
[2] Biro E., Vignier S., Kaczynski C., McDermid 
J. R., Lucas E., Embury J. D.,  Zhou Y. N.: 
Predicting transient softening in the sub-
critical heat-affected zone of dual-phase and 
martensitic steel welds. ISIJ International 
53(1):110-118, 2013. 
[3] Vignier S., Biro E., Hervé M.: Predicting the 
hardness profile across resistance spot welds 
in martensitic steels. Weld World 58(1):297-
305, 2014. 
[4] Jung M., Lee S.-J., Lee Y.-K.: Microstructur-
al and Dilatational Changes during Temper-
ing and Tempering Kinetics in Martensitic 
Medium-Carbon Steel. Metallurgical and ma-
terials transactions A 40(3):551-559, 2009. 
[5] Biro E., McDermid J., Embury J., Zhou Y.: 
Softening Kinetics in the Subcritical Heat-
Affected Zone of Dual-Phase Steel Welds. 
Metallurgical and materials transactions A 
41(9):2348-2356, 2010. 
[6] Pouranvari M.: Effect of Resistance Spot 
Welding Parameters on the HAZ Softening of 
DP980 Ferrite-Martensite Dual Phase Steel 
Welds. World Applied Sciences Journal 
15(10):1454-1458, 2011. 
[7] Xia M., Biro E., Tian Z., Zhou Y. N.: Effects 
of heat input and martensite on HAZ soften-
ing in laser welding of dual phase steels. ISIJ 
International 48(6):809-814, 2008. 
[8] Zarzour J. F., Konkol P. J., Dong H.: Stress-
Strain Characteristics of the Heat-Affected 
Zone in an HY-100 Weldment as Determined 
by Microindentation Testing. Materials Char-
acterization 37(1):195-209, 1996. 
[9] Ullner C., Brauser S., Subaric-Leitis A., We-
ber G., Rethmeier M.: Determination of local 
stress–strain properties of resistance spot-
welded joints of advanced high-strength steels 
using the instrumented indentation test. Jour-
nal of Materials Science 47(3):1504-1513, 
2012. 
[10] Tong W., Tao H., Jiang X., Zhang N., Marya 
M.P., Hector L. G., Gayden X. Q.: Defor-
mation and Fracture of Miniature Tensile 
Bars with Resistance-Spot-Weld Microstruc-
tures. Metallurgical and Materials Transac-
tions A 36(10):2651:2669, 2005. 
[11] Tao H., Tong W., Hector L. G., Zavattieri P. 
D., Uniaxial Tensile and Simple Shear Behav-
ior of Resistance Spot-Welded Dual-Phase 
Steel Joints. Journal of Materials Engineering 
and Performance 17(4):517-534, 2008. 
[12] Dancette S., Massardier-Jourdan V., Fabrègue 
D., Merlin J., Dupuy T., Bouzekri M.: HAZ 
Microstructures and Local Mechanical Prop-
erties of High Strength Steels Resistance Spot 
Welds. ISIJ International 51(1):99-107, 2011. 
[13] ArcelorMittal: Steels for hot stamping. Prod-
uct catalog, 2012. 
[14] ArcelorMittal: A54 - quenchable boron steels. 
Product catalog, 2011. 
[15] Greve L.: Modulare Materialmodellierung für 
die Simulation von Deformations- und Bruch-
vorgängen. Presented at crashMAT 2012 - 6. 
Freiburg Workshop zum Werkstoff- und 
Strukturverhalten bei Crashvorgängen, 2012. 
[16] Barlat F., Brem J. C., Yoon J. W., Chung K., 
Dick R. E., Lege D. J., Pourboghrat F., Choi 
S.-H., Chu E.: Plane stress yield function for 
aluminum alloy sheets – part 1: theory. Inter-
national Journal of Plasticity 19(9):1297-
1319, 2003. 
[17] Haddadi H., Belhabib S.: Improving the char-
acterization of a hardening law using digital 
image correlation over an enhanced hetero-
geneous tensile test. International Journal of 
Mechanical Sciences 62(1):47-56, 2012. 
[18] Eller T. K., Greve L., Andres M. T., 
Medricky M., Hatscher A., Meinders V. T., 
Van den Boogaard, A. H.: Plasticity and frac-
ture modeling of quench-hardenable boron 
steel with tailored properties. Journal of Ma-
terials Processing Technology 214(6):1211-
1227, 2014. 
